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Specimen preparation remains a practical challenge in transmission electron microscopy and frequently
limits the quality of structural and chemical characterization data obtained. Prevailing methods for
thinning of specimens to electron transparency are serial in nature, time consuming, and prone to
producing artifacts and specimen failure. This work presents an alternative method for the preparation of
plan-view specimens using isotropic vapor-phase etching with integrated etch stops. An ultrathin
amorphous etch-stop layer simultaneously serves as an electron transparent support membrane whose
thickness is deﬁned by a controlled growth process such as atomic layer deposition with sub-nanometer
precision. This approach eliminates the need for mechanical polishing or ion milling to achieve electron
transparency, and reduces the occurrence of preparation induced artifacts. Furthermore, multiple spe-
cimens from a plurality of samples can be thinned in parallel due to high selectivity of the vapor-phase
etching process. These features enable dramatic reductions in preparation time and cost without sacri-
ﬁcing specimen quality and provide advantages over wet etching techniques. Finally, we demonstrate a
platform for high-throughput transmission electron microscopy of plan-view specimens by combining
the parallel preparation capabilities of vapor-phase etching with wafer-scale micro- and nanofabrication.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) in a plan-view orientation are
widely used in the research and development of nanostructures,
nanoparticles, and thin ﬁlms. By orienting a specimen surface
perpendicular to an electron beam, plan-view analysis provides
direct observation of in-plane and interfacial phenomena includ-
ing nucleation, morphology, defects, strain, and catalysis. However,
while advancements in monochromation [1], aberration correc-
tion [2–5], detectors [6,7], and high energy resolution spectro-
meters [8,9] have ushered in new TEM resolution limits and ana-
lytical capabilities [10–12], sample preparation remains a critical
and often limiting factor in determining the quality of character-
ization data obtained.
Conventional methods for preparing self-supporting plan-view
specimens rely upon iterative physical and/or chemical etching
performed in a serial fashion [13,14]. There is no inherent pro-
tection against removing too much material which can rapidly
damage or destroy a specimen. However, removing too littleB.V. This is an open access article u
h).material results in an excessively thick specimen and leads to
image blurring due to increased chromatic aberration effects.
There remains a need for alternative preparation methods that are
high-throughput, produce mechanically robust specimens, and
achieve optimally thin plan-view specimen geometries while
minimizing preparation induced artifacts.
1.1. Background
Physical etching is widely used to prepare bulk specimens for
electron microscopy by mechanical grinding, polishing, dimpling,
Ar-ion milling, and focused ion beam (FIB) milling [15]. In practice,
physical etching is commonly performed in a blind and iterative
fashion, requiring frequent optical inspection to ensure that the
desired specimen thickness, typically ≤100 nm, is obtained. While
physical etching by hand provides limited site speciﬁcity, dual-
beam FIB instruments are well suited for preparing site-speciﬁc
specimens. However, FIB preparation requires signiﬁcant upfront
capital investment, operating costs, and is less readily suited to
plan-view preparation, although methods had been developed
[16,17]. Furthermore, both hand and FIB preparation methods are
reported to take between 2 and 6 h to produce a single high
quality specimen, even when performed by an experienced mi-
croscopist [14,17]. Physical etching processes may also damage andnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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changes in physical and chemical properties [16,18].
Plan-view specimen preparation by chemical etching has also
been demonstrated using backside wet etching of silicon [19–21].
A typical conﬁguration consists of a silicon substrate with a SiO2
support membrane formed by thermal oxidation. Following de-
position of the material of interest onto the SiO2 layer, a cavity is
wet etched into the substrate from the backside, producing an
electron transparent window through the now freestanding SiO2
layer. However, several practical challenges arise when im-
plementing such protocols. First, wet chemical etching requires
the preparation, use, and disposal of hazardous liquid chemicals.
For example, HF:HNO3 in a 1:1 concentration is commonly used
for rapid Si substrate etching, while tetramethylammonium hy-
droxide (TMAH) heated to 70 °C has been used to increase the etch
selectivity of Si against SiO2 in the ﬁnal thinning process [20]. To
minimize the microscopist's exposure to chemicals, an optical
microscope is commonly positioned near the sash of a fume hood
with active ventilation [21]. However, the toxicity of both HF and
TMAH remains of great concern because the microscopist must
operate in close proximity to the wet etchants and their vapor in
order to monitor the specimen throughout the etching process.
Second, due to limited etch selectivity and timing constraints,
specimen thickness is difﬁcult to control making specimen-to-
specimen repeatability difﬁcult to achieve.
An alternative to both chemical and mechanical thinning is to
eliminate the need for thinning entirely by direct deposition onto
a grid with a prefabricated support membrane or porous network.
While convenient, commercially available prefabricated support
grids are not always suitable or desirable for practical reasons.
First, in the case of conformal deposition techniques such as che-
mical vapor deposition (CVD) and its variants including metalor-
ganic chemical vapor deposition (MOCVD) and atomic layer de-
position (ALD), grids with support membranes are often un-
suitable due to deposition onto both frontside and backside faces
by vapor-phase precursors. To prevent deposition onto both
membrane faces, mechanical masking structures have been de-
veloped [22,23]. However, these solutions are not always viable
due to their limited temperature stability and introduction of
contamination into deposition environments. Second, standard
3 mm diameter grids are incompatible with automated waferFig. 1. Schematic of specimen preparation process (not to scale): (a) exploded view of
(c) opening of backside mask exposing the silicon substrate, (d) vapor-phase xenon diﬂuo
after removal of the protective barrier layer.handling equipment designed for processing wafers with standard
dimensions. This restricts their utility in semiconductor process
development and monitoring applications where automated wafer
handling and load-lock transfers are commonly used. Third, the
use of 3 mm commercially available TEM grids can alter growth
kinetics and deposition conditions which are highly sensitive to
surface topology, areal loading, as well as substrate thermal mass
and transient behavior. To truly study “representative” materials in
their as-grown conditions, it is desirable to obtain a specimen
from an in-process substrate thereby ensuring that the ﬁnal TEM
specimen experiences identical fabrication conditions.
With these objectives in mind, we present a method for pre-
paring plan-view specimens using isotropic vapor-phase chemical
etching with integrated amorphous etch stops. We demonstrate
how this approach can be scaled to batch (parallel) preparation of
multiple specimens from a plurality of samples to enable high-
throughput electron microscopy studies. The use of an etch-stop
layer enables precise and uniformly thin ( < )10 nm specimen
geometries to be realized. Finally, we demonstrate the integration
of parallel preparation with wafer-scale processing, enabling TEM/
STEM analysis of layers, test structures, and functional devices
formed using conventional micro- and nanofabrication techniques.2. Methods
Fig. 1 presents a schematic outline of the vapor-phase pre-
paration process. Fig. 1(a) shows an exploded view of a proto-
typical sample cored to form a standard 3 mm diameter specimen.
In the baseline process, the substrate is composed of a standard
silicon wafer or piece (200–550 μm thick) with a thermally grown
SiO2 layer. The selection of these commonly available materials and
processes allows for the greatest compatibility with standard lab
equipment and materials. If a TEM specimen holder cannot ac-
commodate the full substrate thickness, a coarse ( ≥ μ )30 m pol-
ishing paper can be used to reduce the substrate from the backside
to a suitable thickness. To accommodate a wide range of holders
while retaining mechanical robustness, we target a substrate
thickness of 200 μm. A SiO2 sacriﬁcial layer with thickness
≥300 nm is included to provide electrical isolation between the
layer of interest and the silicon substrate. This allows the toplayered geometry, (b) mounting and protection of the specimen for preparation,
ride silicon etch, (e) vapor-phase hydroﬂuoric acid SiO2 etch, and (f) ﬁnal specimen
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analysis of materials used in a wafer-scale fabrication process as
discussed further in Section 4. However, in cases where electrical
isolation is not required, the process can be simpliﬁed to use a
single etch-stop layer directly deposited onto a silicon substrate.
An ultrathin etch-stop layer between 5 and 50 nm is formed by
ALD and serves as the support membrane once released from the
backside by vapor-phase etching. In this example, an Al O2 3 ﬁlm
grown by ALD is chosen for this role because it is the most widely
available ALD oxide while having the desired properties of a
support membrane as discussed further in Section 3.2. Finally, the
material of interest forms the top most layer. Fig. 2 shows a cross-
section TEM image of a prototypical specimen geometry including
the interfaces that serve as etch stops. The Si substrate, SiO2, and
Al O2 3 layers are visible, along with a Pt ALD ﬁlm which is the
material of interest. Platinum ﬁlms are used as an example here,
however, any suitable nanostructure, nanoparticle, or thin ﬁlm
specimen can be prepared on an amorphous etch-stop layer using
this method. Additionally, when ALD tools are not available, an
etch-stop layer may be grown by another suitable method, such as
thermal oxidation. The layer structure shown in Fig. 1 is meant to
provide a representative example of one embodiment of vapor-
phase etching.
Next, the specimen is inverted such that the backside of the
silicon substrate forms the working surface (upright), and the
material of interest is facing downward as shown in Fig. 1(b). To
protect the central region of the specimen surface throughout
preparation, the inverted specimen is placed on top of an annular
shaped aluminum grid (Ted Pella, 1GA12S), but no permanent
adhesive is used. Aluminum is selected because it does not react
with vapor-phase XeF2 and HF as discussed in Section 3.1. The
entire specimen and grid are coated with a protective barrier
material, such as Crystalbond 509 (Ted Pella, 509-3, clear).
A Crystalbond coating on the backside surface serves as a mask
into which an opening is formed exposing the backside of the si-
licon substrate as shown in Fig. 1(c). A hole through the protective
coating with a diameter of roughly 60 μm is formed using a cobalt
steel drill bit (McMaster-Carr, 8904A12) and a miniature table-top
drill press. This provides an opening for vapor-phase etchants toFig. 2. Cross-section TEM image of the layers comprising a prototypical specimen.reach the silicon substrate. While crude, this mask is very forgiving
to the practitioner and chosen for its simplicity. The Crystalbond
can be reﬂowed and repatterned multiple times in a matter of
minutes until the desired hole location and size are achieved. In
cases where higher precision or parallel placement of the backside
mask is desired, the Crystalbond coating and drilling could be
replaced with coarse backside photolithography aligned to fea-
tures on the frontside of a wafer as is commonly done in the
fabrication of microelectromechanical systems (MEMS). The spe-
cimen is then exposed to XeF2 vapor to etch an isotropic cavity into
the Si substrate from the backside as shown in Fig. 1(d). The XeF2
etch is highly selective ( ≥ )1000: 1 to Si over SiO2 [24], and
therefore sufﬁciently stops upon reaching the Si– SiO2 interface.
The resulting opening in the Si substrate at the Si–SiO2 interface
serves as a mask for subsequent etching of the SiO2 layer as shown
in Fig. 1(d). The specimen is then exposed to anhydrous vapor HF
to remove the SiO2 layer down to the SiO2–Al O2 3 etch-stop inter-
face as shown in Fig. 1(e). This completes the thinning process, and
an electron transparent viewing window is formed through the
etched cavities and ultrathin support membrane as shown in Fig. 1
(f). The Crystalbond coating is removed in acetone and the speci-
men is removed from the aluminum grid on which it rests. It is
preferable to let the Crystalbond dissolve in acetone vapor rather
than submersion which can damage the released membrane. A
covered glass petri dish works well for this cleaning process.
Fig. 3 shows bright-ﬁeld optical microscope images of speci-
mens at various stages of preparation. The image in Fig. 3(a) shows
a Si etch front growing radially at the Si–SiO2 interface, while Fig. 3
(b) shows a specimen after completion of XeF2 etching, but before
HF etching. Figs. 3(c) and (d) show a 3 mm specimen after all
etching is complete with the focal plane located at the top and
bottom of the specimen, respectively.3. Results and discussion
3.1. Vapor-phase etch chemistry
Many of the unique features of this approach are made possible
by the use of vapor-phase etchants. An isotropic XeF2 etch of Si
(SPTS Xactix e1) selectively removes Si down to the SiO2 layer
while anhydrous vapor HF (SPTS Primaxx uEtch) is used to sub-
sequently etch the 300 nm SiO2 down to the Al O2 3 etch stop.
Alumina has an extremely high etch selectivity (known not to
etch) in vapor HF even with ﬁlms having a thickness below 10 nm
as evidenced by the plan-view TEMmicrographs shown in Fig. 4. A
specimen is shown after partial vapor HF etching but before
complete removal of SiO2. The lowest magniﬁcation micrograph
shows a particle where vapor HF preferentially condenses and
accelerates local etching of the SiO2 down to the Al O2 3 etch-stop
layer. Silicon dioxide remains in the darker peripheral regions of
the image. The Pt ﬁlm and grain structure are visible in the higher
magniﬁcation micrographs in the immediate vicinity of the par-
ticle where the removal of SiO2 is complete. High etch selectivity
allows the vapor HF etch to continue and the entire SiO2 ﬁlm to be
removed without risk of perforating or damaging the Al O2 3 etch-
stop layer. The ability to accommodate over etch ensures that all
specimens achieve the identical membrane thickness and allows
for multiple specimens to be thinned in parallel.
Compared to wet etching, vapor-phase etching also eliminates
the need to directly handle dangerous chemicals. For example, wet
(or liquid) etching is commonly performed in an open container
such as a beaker or by pipetting onto a specimen within a fume
hood. Open containers present the opportunity for direct contact
with liquid chemicals through splashing, spilling, or other acci-
dental mishandling. The safety risks associated with wet etching
Fig. 3. Optical micrographs of specimen at select stages of preparation showing (a) etch front of Si at the Si–SiO2 interface, (b) completed XeF2 etch of Si, and ﬁnished 3 mm
specimen after all etching is complete with the focal plane located at the (c) top and (d) bottom of the specimen, respectively.
Fig. 4. Plan-view TEM images acquired at different magniﬁcations showing partial etching of SiO2 in vapor HF against an Al O2 3 etch-stop layer. In the lighter regions
surrounding the particle, preferential condensation of vapor HF accelerates the etching of SiO2. In the darker peripheral regions, SiO2 etching is incomplete.
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chemically resistant apron, gloves, and face shield, during chemi-
cal preparation, use, and disposal.
In contrast, vapor-phase (or gas) etching is commonly per-
formed within a closed volume under vacuum conditions. The
vapor is produced, reacted, and exhausted within the vacuum
chamber which presents a substantial physical barrier between
the operator and the chemical. The burden of safety is placed on
the tool design, which includes safeguards such as automatic
chamber purging with an inert gas, leak detection, and a positive
ﬂow ventilation enclosure. These features are standard on com-
mercially available vapor-phase etchers, including those with
small table-top form factors. The improved safety and contain-
ment of vapor-phase etchers enables their routine use without theneed for a chemically resistant apron, gloves, face shield, or direct
handling of etch chemicals.
Finally, a byproduct of masking the specimen and opening a
channel for backside thinning (see Fig. 1(c)) is that the specimen
can be completely immersed in the vapor-phase etchant. The po-
sition and orientation of the specimen relative to the chemical
etchant becomes inconsequential. In contrast, many wet etching
protocols do no fully mask the specimen, but instead, rely upon
local delivery of wet etchants near the center of the specimen. The
specimen surface is coated with a protective barrier material such
as Crystalbond which inhibits frontside exposure to chemical
etchants. The ALD Al O2 3 etch stop layer is highly conformal, pin-
hole free, and dense, providing a barrier against backside exposure
to chemical etchants. Additionally, a thin blanket Al O2 3 ﬁlm with
Fig. 5. (a and c) Plan-view micrographs showing large and uniformly thin released areas of > μ1 m2, (b and d) higher magniﬁcation micrographs showing the polycrystalline
grain structure and Volmer-Weber nucleation of platinum. Micrographs (a) and (b) are from a 80 cycle ALD platinum layer which is discontinuous, while micrographs (c) and
(d) are from a thicker 400 cycle ALD platinum layer. All images were acquired on an FEI Titan TEM operated at 300 kV using a Gatan OneView 4 k camera with a 20 μm
objective aperture.
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material of interest to form an additional protective encapsulation
layer over the front face without signiﬁcantly degrading imaging
quality.
The use of vapor-phase etching enables specimens having large
and uniformly-thin areas suitable for TEM imaging. Fig. 5 shows
plan-view micrographs of Pt layers fabricated by ALD at 250 °C
using (MeCp)PtMe3 precursor and O2 plasma on an Al O2 3 etch-stop
layer and prepared using the vapor-phase method described pre-
viously. All ALD layers in this study were deposited using a Fiji
reactor (Ultratech/Cambridge Nanotech) with a remote plasma
generator. Figs. 5(a) and (b) show Volmer–Weber nucleation of a
layer formed by 80 ALD cycles and Figs. 5(c) and (d) show a thicker
layer formed by 400 ALD cycles in which nucleating grains have
coalesced resulting in the formation of a continuous Pt ﬁlm. The
lowmagniﬁcation micrographs show uniformly thin imaging areas
of > μ1 m2 over which a large statistical ensemble of features can
be analyzed. In comparison, angled physical etching processes
such as ion milling produce a wedge-shaped specimen which cancomplicate the interpretation of contrast features due to the gra-
dient in specimen thickness.
3.2. Etch-stop Layer
In contrast to blind physical etching typical in conventional
preparation, the present method uses a support membrane whose
thickness is deﬁned by a well controlled (self-limiting) growth
process such as ALD and is therefore known a priori. The ALD etch-
stop layer serves simultaneously as both an etch stop during the
preparation process, and as an ultra-thin support membrane once
preparation is complete. The etch-stop material and the thickness
are therefore chosen with consideration of this dual functionality.
The selection of an etch stop also determines the material that will
form an interface with the subsequently grown layer, in this ex-
ample, a polycrystalline Pt ﬁlm. Therefore, properties such as the
surface energy and crystallinity of the etch stop can affect the
nucleation, grain structure, and other material properties of the
subsequently grown layer. In some applications, it may be
Fig. 6. X-ray photoelectron spectra of an ALD Al O2 3 etch-stop layer before and after
coating with 100 cycles of ALD Pt.
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speciﬁc growth behavior and/or material properties in the layer of
interest.
An ultra-thin, amorphous, and uniform etch-stop layer com-
posed of a low Z material is desirable for optimal TEM imaging
conditions. At the same time, the etch-stop layer must be pinhole
free and maintain high etch selectivity throughout processing to
enable overetching of the underlying sacriﬁcial layer which favors
a thicker ﬁlm for greater mechanical and chemical stability. These
requirements are fortunately satisﬁed by the most widely available
ALD process, aluminum oxide ( Al O2 3), deposited using the stan-
dard trimethylaluminum precursor and a suitable oxidant, such as
H O2 vapor, ozone, or O2 plasma. While ALD enables highly con-
formal and dense oxide ﬁlms with digital thickness control, it also
has a large temperature window, and can be deposited down to
room temperature [25]. The purity of ALD ﬁlms is also advanta-
geous when specimen composition is to be studied by in situ
analytical techniques such as energy-dispersive X-ray spectro-
scopy (EDS), electron energy-loss spectroscopy (EELS), or imaging
modes sensitive to Z contrast such as annular dark-ﬁeld scanning
transmission electron microscopy (ADF-STEM). Fig. 6 shows X-ray
photoelectron spectroscopy (XPS) survey scans of an as-deposited
Al O2 3 support membrane and a membrane following 100 cycles of
atomic layer deposited platinum. A 15 second Ar-ion surface
sputter clean was performed prior to collecting each spectrum.
Both scans show no measurable impurities, consistent with the
widely reported quality of metals and metal oxides deposited by
ALD [26].
3.3. High resolution Cs-corrected imaging
The control over specimen membrane thickness afforded by an
ALD etch-stop layer enables batch preparation of specimens sui-
table for high-resolution transmission electron microscopy
(HRTEM) and Cs-corrected imaging. For example, we have eval-
uated etch-stop layers with thicknesses down to 5 nm as con-
ﬁrmed by spectroscopic ellipsometry and a linear ALD growth rate
of 1 Å/cycle at 200 °C. The self-limiting growth of ALD ﬁlmstherefore enables sub-nm thickness control with a high degree of
accuracy and precision, in many cases, beyond that achievable
with a dual beam FIB. Fig. 7 shows a [110] oriented Pt nanoparticle
formed by 25 ALD cycles and supported on an amorphous Al O2 3
etch-stop layer. The micrograph was acquired at 300 kV using a FEI
Titan TEM equipped with a spherical aberration corrector in the
image-forming lens and a Gatan OneView 4k camera. Contrast
arising from individual atomic columns is well resolved, enabling
real spacing mapping of the nanoparticle's crystal structure and
orientation. A broad range of high-resolution TEM/STEM studies
may beneﬁt from precise control of specimen membrane thickness
between and among studies, particularly when quantitative ana-
lysis is of interest.
3.4. Artifacts and damage
Preparation may induce modiﬁcations to the physical and
chemical structure of a specimen and result in imaging artifacts.
By design, vapor-phase preparation minimizes the occurrence of
artifacts induced by physical etching. Compared to conventional
techniques, no physical etching (grinding, polishing, dimpling, ion
milling, and/or FIB milling) is required to thin the specimen region
immediately adjacent to the material of interest. This eliminates a
major source of artifact generation and amorphization which was
formerly a beneﬁt offered only by commercially available TEM
grids with pre-thinned support membranes.
Furthermore, the specimen is encapsulated throughout the
preparation process, eliminating exposure to chemical etchants.
Vapor-phase etching by XeF2 and HF is performed at 20 and 45 °C,
respectively, while the maximum temperature during preparation
is limited by the ﬂow point of Crystalbond 509 at roughly 120 °C
which is widely used in conventional preparation. Suitable ad-
hesive waxes with lower ﬂow temperatures can be used for spe-
cimens requiring a lower thermal budget. Vapor-phase etching
also has the beneﬁt of eliminating stiction during release which is
a common problem reported in wet chemical etching of mem-
branes [27].
Specimen mechanical integrity and damage from handling are
also major concerns. However, backside patterning of a mask in
the present process (see Fig. 1(c)) ensures that etching is localized
near the center of the specimen, producing an annular structure
with a centered electron transparent window. In contrast to con-
ventional methods that thin the entire 3 mm specimen, vapor-
phase etching enables the annulur region to retain the substrate
thickness, making the specimen robust and safe to handle with
tweezers (see Fig. 1(f)). This eliminates sensitive transfer and
mounting steps which are a common point of specimen failure.4. Wafer-scale integration
The integration of vapor-phase preparation with wafer-scale
nanofabrication provides a unique platform for rapid materials
development and process characterization. For example, wafer-
scale integration allows electrically active test structures to be
patterned on the same substrate and die from which TEM speci-
mens are sourced. Fig. 8(a) shows the layout of a 4-in wafer pro-
cess ﬂow including multiple masks and photolithography pat-
terning steps. An ASML PAS 5500 I-line stepper is used to pattern
51 die on the 4-in wafer containing test structures with isolated
line features down to 400 nm. An area dedicated to plan-view TEM
analysis is contained in the top right corner of each die. This clear-
out region contains only the material of interest on the substrate
stack shown in Fig. 1(a), including an underlying 550 μm silicon
wafer, 300 nm of SiO2 grown by thermal oxidation for electrical
isolation, and a 5 nm ALD Al O2 3 etch-stop layer. Cofabricated test
Fig. 7. (a) High-resolution bright-ﬁeld TEM image of a Pt nanoparticle, (b) Bragg ﬁltered FFT of image, (c) inverse FFT, and (d) peak ﬁtting of atomic column contrast.
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properties including resistivity, temperature coefﬁcient of re-
sistance (TCR), contact resistance, carrier mobility, Hall coefﬁcient,
1/f noise, dielectric constant, and leakage current, however, any
desired test structure may be fabricated using conventional micro-
and nanofabrication. When bond pad metallization is incorporated
into a process ﬂow, the bond pad metal can also be patterned to
form a grid over the plan-view TEM region as in Fig. 8(d). The
metal grid provides additional mechanical support and allows
imaging areas of > μ200, 000 m2 to be released. Fig. 8(b) shows the
TEM region of a die after completion of wafer-scale fabrication and
dicing. Fig. 8(c) shows the 3 mm diameter disk cored from the die
shown in Fig. 8(b). For reference, a blue rectangle in Fig. 8
(c) denotes an area of 60,000 μm2 which is comparable to the
imaging area of commercially available grids with a pre-thinned
membrane. Fig. 8(d) shows a higher magniﬁcation image of the
metallization grid and square electron-transparent windows
which are 25 by 25 and 8 by 8 μm. The specimen is shown after
vapor-phase release in Figs. 8(e) and (f). The specimen contains a
sub-10 nm Pt ﬁlm and appears reﬂective in Fig. 8(e). However,
Fig. 8(f) shows an optical micrograph in a transmission conﬁg-
uration where the transparent membrane and metallization gridare more clearly visible.
Following fabrication, 51 die are available, each with electrical
test structures and a plan-view TEM region. The large number of
nominally identical die can be used to carry out a systematic de-
sign of experiments (DOE) with improved redundancy against
specimen failure and a greater number of replicates, while vapor-
phase thinning permits the TEM specimens from all treatments in
the DOE to be thinned in parallel. For example, the wafer-scale
process shown in Fig. 8 has been used in nucleation studies of
metal thin ﬁlms permitting plan-view TEM characterization of
grain morphology and selected area diffraction (SAD) analysis to
be directly correlated with measured electrical properties and
annealing conditions. The micrographs in Figs. 5 and 7 were ac-
quired from specimens prepared using the wafer-scale integrated
preparation process.5. Applications and limitations
Vapor-phase etching provides an alternative to physical and
wet chemical thinning of plan-view TEM specimens. It is well
suited for high-throughput studies of nanostructures,
Fig. 8. (a) Mask layout with test structures including a region dedicated to plan-view TEM. Optical micrographs of a die showing the TEM region (b) before and (c) after
coring to form a 3 mm disk, (d) a bond pad metallization grid, and the released electron transparent imaging region after vapor-phase etching shown in (e) reﬂection and
(f) transmission, respectively.
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characterization of materials used in wafer-scale nanofabrication.
To our knowledge, this is the ﬁrst demonstration of a parallel
thinning process for plan-view TEM specimen preparation that
simultaneously enables precise membrane thickness control while
eliminating artifacts due to physical etching.
However, selection of any preparation technique requires con-
sideration of characterization objectives and practical im-
plementation tradeoffs. In this regard, a major drawback to this
approach is its dependence upon vapor-phase etchers and ALD
tools. However, these tools are increasingly common in university
research labs and clean room facilities. We expect the availability
of vapor-phase etchers to continue to increase over time due to
their favorable stiction-free release characteristics. For example,
among the universities in the United States that comprise the
National Nanotechnology Infrastructure Network, more than 60%
have at least one vapor-phase etcher in their shared cleanroom
facilities as of September 2015. Compared to the capital invest-
ment and cost of serial preparation by dual-beam FIB, vapor-phase
etching may offer signiﬁcant cost savings when established in a
shared user facility or when long-term and high-throughput plan-
view specimen preparation capabilities are required. Commercial
vapor-phase etch tools are available for less than 10% of the cost of
a dual-beam FIB and have operating costs on the order of a few
thousand U.S. dollars per year.
Vapor-phase preparation is less site speciﬁc than conventional
FIB or hand preparation methods. However, by releasing large
electron transparent areas in excess of 50,000 μm2, vapor-phase
preparation alleviates the need for site speciﬁcity in many appli-
cations. By releasing such large areas, it becomes easier to ensure
that a region of interest is contained within the thinned area
suitable for TEM analysis. Additionally, membranes with thick-
nesses <7 nm occasionally crack during thinning without a me-
tallization grid, however, large and uniformly thin regions aroundthe periphery of the released area remain intact and suitable for
imaging. Membranes overlaid with a metallization grid typically
survive without damage. Several minor process adjustments can
be made to improve crack resistance. First, if characterization
objectives do not demand the thinnest etch-stop layers possible,
increasing the etch-stop layer thickness to between 10 and 20 nm
improves membrane stability without signiﬁcantly degrading
imaging quality. Second, the residual stress of Al O2 3 and similar
ALD etch-stop layers can be tuned between tensile and compres-
sive regimes by adjusting the deposition temperature [28], pro-
viding an avenue to compensate for stresses that contribute to
crack propagation. Finally, most cracks are found to originate near
scratches and surface defects. Therefore, as with any preparation
method, specimen cleanliness and care when handling with
tweezers can help minimize the risk of crack formation.
Finally, the reliance on an etch-stop layer requires considera-
tion of the substrate layer stack prior to depositing the material of
interest. However, we note that a blanket Al O2 3 etch-stop layer
with thickness >5 nm can be deposited onto a Si substrate in less
than 1 h. Furthermore, if diced, a single wafer coated with a sui-
table etch-stop layer produces more than 100 die. Each die can be
individually coated with a material of interest at a later time.
While all etch-stop layers in this work are amorphous as deposited
by ALD, high temperature atomic layer epitaxy (ALE) or annealing
of amorphous etch-stop layers in future work could extend this
method to the study of epitaxial layers in plan-view.6. Conclusions
In the context of preparing a single plan-view specimen, vapor-
phase etching provides several beneﬁts. First, it enables specimens
having an ultrathin amorphous support whose thickness is con-
trolled with a high degree of accuracy and precision. The resulting
T.S. English et al. / Ultramicroscopy 166 (2016) 39–47 47specimens are well suited for Cs-corrected TEM/STEM. Second, the
ALD membrane permits large and uniformly thin survey areas for
imaging. An imaging area > μ50, 000 m2 is common without an
overlaid metal grid, while the added mechanical support of a grid
formed during bond pad metallization routinely permits survey
areas > μ200, 000 m2 to be released. Third, accommodating sub-
strate pieces ( >3 mm in diameter) up to full wafers provides
compatibility with a wide range of conformal deposition techni-
ques and automated wafer handling where grids with pre-thinned
membranes are problematic.
In the context of preparing multiple plan-view specimens, va-
por-phase etching provides favorable scaling and precision. Thin-
ning is one of the most time consuming and failure-prone stages
of specimen preparation. In vapor-phase etching, total time re-
quired to thin specimens is dominated by the non-thinning (ﬁxed
time) steps, such as sample coring and backside mask preparation.
We have successfully prepared up to 15 plan-view specimens in
parallel for HRTEM Cs-corrected imaging with a total thinning
time of <2.5 h (or 10 min per specimen) demonstrating through-
put without sacriﬁcing specimen quality or user safety. Ad-
ditionally, the use of a highly selective etch-stop layer allows mi-
croscopists to tailor the support membrane thickness with sub-
nanometer precision both within and among studies. We em-
phasize this precision (repeatability) because variations in speci-
men geometry, when coupled with limited imaging area, com-
monly make it difﬁcult to discriminate between artifacts and true
changes in the specimen state.
Finally, we have demonstrated a platform for high-throughput
plan-view TEM analysis by combining the parallel preparation
capabilities of vapor-phase etching with wafer-scale processing.
This platform also supports the design and fabrication of custom
specimens for in-situ TEM experiments. Vapor-phase etching can
be used with alternative etch-stop materials and geometric con-
ﬁgurations, enabling adaptation to address the requirements of a
variety of research ﬁelds and commercial in-process monitoring
applications. We believe the congruence of plan-view TEM/STEM
metrology with nanofabrication at the wafer-scale opens new
opportunities in electron microscopy. With water-scale integra-
tion, researchers can more closely associate local atomic structural
and chemical information with engineering properties, and ulti-
mately, device performance.Acknowledgments
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